The hair-growth cycle, a complex biological system requiring coordinate alterations in gene expression and cellular behavior, provides a challenging model for investigating the interplay of specific transcriptional regulation events. Here we report that the Barx2 homeodomain factor serves as a regulator of hair follicle remodeling (catagen), and loss of Barx2 in mice causes a defect both in the initiation and progression of catagen, resulting in a protracted first catagen, and later, causing short hair in adult gene-deleted mice. Barx2 negatively regulates its own promoter, and our study highlights the role of Barx2 as a repressor in the skin that can, unexpectedly, functionally interact with two WD40-domain factors distantly related to the yeast corepressor Tup1. These two corepressors, transducin-like enhancer of split and transducin ␤-like 1, function through distinct and independent interactions with Barx2 for the repression of gene targets, including the Barx2 gene itself, emphasizing the roles of complementary repression strategies in engrailed homology-1 motif-containing homeodomain factors. Together, our data suggest that the hairremodeling defect of Barx2 mutant mice could be explained, in part, by failure to repress one or more critical target genes.
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hair cycle ͉ TBL1 ͉ TLE ͉ transcriptional repression A distinctive feature of the hair follicle is its periodic regeneration and degeneration throughout the lifetime of the organism in cycles of three phases: anagen, catagen, and telogen. In mice, hair follicle morphogenesis begins late in development and continues through growth, or anagen, of the first pelage until Ϸ2 weeks after birth. The final length of the hair is genetically determined by the period spent in anagen, with hair-generating cells of the bulb having a finite proliferative capacity that is influence by factors from the dermal papilla and surrounding tissues. Anagen terminates with the destruction of the growing part of the follicle in a remodeling process called catagen. Thereafter, a resting period, or telogen, intervenes with the finished hair normally retained in the diminutive follicle, until anagen reinitiates with the start of a new cycle of hair growth (1, 2) . Two synchronous cycles of hair growth occur in juvenile mice, with consecutive waves of anagen-catagen-telogen moving from neck to tail, and thereafter only smaller patches of follicles cycle together in adult mice. From the human perspective, hair follicle remodeling is important because changes in the hair cycle underlie most disorders involving unwanted hair growth or loss (3, 4) . Evidence is also emerging that hair cycling and wound healing share some basic molecular strategies (5) .
The transcriptional control of skin and hair development, and regulation of postnatal, cycling hair follicles, represents a complex system involving the coordinated actions of many intracellular signaling molecules and transcription factors. Recently, expression profiling has been used to systematically identify hair-cycle-associated genes and cluster them into major classes of expression over the hair growth cycle (6); however, it remains unclear how these genes are regulated in a cyclic fashion and what their specific roles might be.
Expression of ovine Barx2 has been shown in embryonic ectoderm and in the outer root sheath of mature wool follicles (7), but its role in skin and hair biology has not been defined. Barx2 is a homeodomain factor of the Bar family, sharing conserved, atypical residues with the homeodomains of Drosophila BarH1 and BarH2. In mammals, this family is divided into two groups: the BarH-like group of BarHl1 and BarHl2͞ MBH, which are most similar in sequence to the Drosophila Bar genes (8, 9) , and the Barx group including Barx1 and Barx2 (10, 11) . Very little is known about the role of Barx2 in development, although functional studies in a cell culture system indicate that it can promote muscle differentiation (12) . Here, using gene knockout technology, we report that Barx2 is required for normal progression of the catagen phase of the hair cycle and that it represses its own promoter in the epidermis and hair follicle.
Transcription factors mediate gene regulation by association with a coregulatory apparatus to alter chromatin structure or to interact with the general transcription machinery. All members of the Bar-homeodomain family have one or more N-terminal engrailed homology-1 (eh-1) motifs, which are generally recognized as recruitment points for TLE͞Groucho-related factors. Mammalian homologs of Drosophila Groucho have been repeatedly identified as important corepressors for homeodomain proteins and other transcription factors (13) (14) (15) (16) (17) (18) . In the skin, TLE͞Groucho factors acting through Tcf3 have been implicated in suppressing the terminal differentiation of epidermis (19) . Four of the mammalian homologs, the transducin-like enhancer of split (TLE 1-4), contain C-terminal WD40 repeats that are involved in protein-protein interactions and thought to be important for repression. A second type of WD40-domain factors, the transducin ␤-like 1 (Tbl1) and a related factor (TblR1), have been linked to repression by unliganded nuclear receptors (20) (21) (22) (23) , and are required for corepressor-coactivator exchange during regulated gene activation events (24) . Here, we provide the initial evidence that Tbl1 can function as a corepressor for a homeodomain factor, acting redundantly or cooperatively with TLE͞Groucho factors in repressing Barx2 target genes.
Materials and Methods
Targeted Mutation of Barx2, Microarray Experiment, siRNA Sequences, and Primer Sequences for RT-PCR. For details, see Supporting Text, which is published as supporting information on the PNAS web site.
Histology and X-Gal Staining. Embryos or tissues were fixed in 4% paraformaldehyde or fresh frozen in 1:1 OTC͞aquamount and cryosectioned at 16 m. For skin histology at time points between postnatal day 6 (P6) and P30, dorsal skin was taken from mouse littermates and separated into three segments (anterior, middorsal, and posterior) for sectioning. Some slides were stained with X-Gal for 12 h following standard protocols.
Thrombospondin-1 protein was detected with biotinylated antiTsp (NeoMarkers Ab-4).
Hair-Length Measurement. Pelage hairs were plucked from the middle of the back at P25 for juvenile hair-length measurements, or at 8 months for adult measurements, using 50 guard hairs from each of two Barx2 ϩ/Ϫ and two Barx2 Ϫ/Ϫ mice.
Primary Keratinocyte Culture, Transfection, and Nuclear Microinjection Assays. Primary murine keratinocytes were isolated from newborn pups (1-3 days old) and maintained in an undifferentiated state according to the method of Dlugosz et al. (25) . Cotransfection assays were performed with Fugene6 (Roche Diagnostics) by using 750 ng of luciferase reporter, 50 ng of pCMX expression plasmid, and 500 ng of pRSV␤Gal as an internal control for transfection efficiency. The 3xBx͞tk reporters were generated by multimerization of annealed oligonucleotides containing a consensus Barx2 binding site: TCTAATG-GTTTTT (26) . The Barx2 cDNA was cloned by PCR from an embryonic pituitary cDNA library and conformed to the fulllength Barx2b isoform described by Herring et al. (27) . Microinjection of reporter plasmids, IgG-purified antibodies (a pan-TLE antibody H321, Santa Cruz Biotechnology), siRNAs, and analysis was performed as described (24, 28) . All transfections and microinjection experiments were performed at least twice.
GST-Affinity Purification and Coimmunoprecipitation Assays. GSTBarx2NЈ for protein interactions was expressed in Escherichia coli with a Barx2 cDNA fragment encoding amino acids 1-132 (27) with either a wild-type eh-1 sequence or a 3-aa change at positions 25-27 generated by site directed mutagenesis (Stratagene). For Western blotting, we used anti-TLE3 (M201, Santa Cruz Biotechnology), anti-TLE1 (M101, Santa Cruz Biotechnology), or anti-N-CoR (28).
Chromatin Immunoprecipitation (ChIP). Full-thickness skins were minced with scissors and cross-linked for 1 h in 1% formaldehyde at room temperature. Tissue was then homogenized in lysis buffer and sonicated to shear fragments to the average size of 500-1,000 bp. Immunoprecipitation was performed with antiBarx2 (Santa Cruz Biotechnology), anti-TLE (H321, Santa Cruz Biotechnology), anti-TLE1 (M101, Santa Cruz Biotechnology), anti-Tbl1 (24), and anti-N-CoR (28). 30 cycles of PCR were performed with primers surrounding the Barx2 sites at Ϫ1.6͞ Ϫ1.4 kb from the Barx2 gene (ChIP primer sequences GAGAAATCAGGCAGAGGCAG and CCGGTGGTTA-AACTCGCTAA).
RNA Isolation and Real-Time PCR. Total RNA was isolated from P11 skin with a RNeasy kit (Qiagen), and cDNA was synthesized by using a SuperScript kit (Invitrogen). Real-time PCR was performed on an AB17700 thermal cycler: 95°C for 15 min, then 45 cycles of 95°C for 10 s, 60°C for 1 min. Reactions (20 l) included 2 l of cDNA, target-specific primers, and CyberGreen mastermix (Qiagen). Quality and quantity of template was controlled by normalization to Gapdh. Reactions were performed in triplicate, and final results were found by using a relative standard curve.
Results and Discussion
Expression of Barx2 in Differentiating Stratified Epithelia and Targeted Mutation of Barx2. Early developmental expression of Barx2 has been reported for embryonic day 9.5 (E9.5) to E12.5 (11) , including in the anterior pituitary gland from E12.5 in a spatial distribution resembling that of the pituitary developmental regulator, Pit1. We detected high levels of Barx2 after E13.5 in Rathke's pouch, conjunctiva, cornea, tongue, mouth, nasal epithelium, esophagus, salivary gland, vibrissae, and skin by in situ hybridization (data not shown). Interestingly, in some structures (i.e., tongue, esophagus, and skin) Barx2 was expressed in both the epithelium and underlying muscle but not in the intervening dermal͞mesenchymal components (Fig. 1A and data not shown). At P8, we observed Barx2 expression in the interfollicular epidermis and in the outer root sheath of hair follicles, and no expression in the follicular bulb (Fig. 1B) , similar to what has been described for ovine wool follicles (7).
To understand the role of Barx2 in development, we designed a targeting vector to delete the Barx2 homeodomain and Cterminal sequences by homologous recombination in ES cells, leaving a 134-aa Barx2 epitope fused in frame to ␤-galactosidase (Fig. 6 , which is published as supporting information on the PNAS web site). This mutation disrupts DNA binding and nuclear localizing capacity of the mutant Barx2 protein, and generates a reporter for X-Gal staining to monitor the activity of the promoter in mutant animals. We could not detect mRNA transcripts encompassing the homeodomain or C terminus in mutant tissue by using RT-PCR (Fig. 6) . Hence, the mutational strategy abolished generation of a functional Barx2 protein.
Barx2 Ϫ/Ϫ pups were distinguishable by their short whiskers, and 50% were born with open eyelids (Fig. 1C) . Barx2 ϩ/Ϫ pups were phenotypically equivalent to Barx2 ϩ/ϩ pups and did not display hair cycle alterations (see below); therefore, the mutation strategy did not produce a dominant-negative allele or an allele with detectable neomorphic properties.
Defective Hair Follicle Remodeling and Short Adult Hair in Barx2
Mutants. After Ϸ2 weeks of normal hair growth, we noticed a transient disheveled appearance to the pelage of Barx2 mutants, with hairs tending to stand erect rather than lie flat against the body (data not shown). To better understand the alterations affecting the Barx2 mutant coat, we undertook a histological study of follicles and skin at intervals between P6 and P30. In this endeavor, we were careful to compare matched sections of dorsal skin from the same regions of the mice (i.e., separately comparing anterior, middorsal, and posterior sections), because catagen is known to proceed in an anterior to posterior wave during this time. Basic criteria for staging hair follicles based on morphology have been well described in the literature (29) . We found no differences between mutant and control follicles during full anagen at P11 (Fig. 1D) , or at the anagen-catagen transition at P14 (Fig. 1E) . Hair follicle morphology began to diverge in anterior sections at P15 (Fig. 1F) , with mutant follicles in position-matched sections appearing morphologically delayed ( Fig. 1 G and H) . Whereas control follicles in posterior sections involuted and completed remodeling by P19, mutant follicles in this location did not achieve telogen morphology until P22-P23 ( Fig. 1I and data not shown) . In addition, during the final stages of protracted catagen, mutant sebaceous glands were enlarged (Fig. 1I arrows) . During the hair cycle, skin pigments are necessarily eliminated as hair follicles transition through catagen, and consistent with our histological observations, we observed a delay in the anterior to posterior clearing of pigments on the underside of Barx2 mutant skin (Fig. 1J) . Thus, the anterior to posterior remodeling wave was offset as a consequence of Barx2 gene mutation, and this defect correlates with the disheveled coat in mutant mice.
We considered the possibility that Barx2 mutants might have a delay in the anagen to catagen transition, in addition to the protracted catagen, which could produce longer hair and contribute to the appearance of the disheveled coat. For example, murine Fgf5 mutants (angora) have hair that is 50% longer than normal due to an extension of anagen (30) . Instead, we found that plucked guard hairs from Barx2 Ϫ/Ϫ mice were actually slightly shorter at P25, although the difference was of questionable significance, leading us to believe that the growth period of the first anagen is not significantly changed by mutation of Barx2. Furthermore, as Barx2 Ϫ/Ϫ mice aged beyond Ϸ6 months, their hair became markedly shorter (Fig. 1K) . Plucked guard hairs from a mid-dorsal region of 8-month-old mice exhibited an average length of 1.19 Ϯ 0 07 cm in heterozygotes compared with 0.98 Ϯ 0.07 cm in mutants (P Ͻ 0.01), for a difference of 15-20%. We did not observe broken hairs during our measurements. The late appearance of this phenotype may arise because adult anagen periods become progressively shorter in gene-deleted mice, coupled with the gradual shedding (exogen) of normal sized hairs. Based on their opposite effects on hair length, we suggest that Barx2 and Fgf5 have opposing roles in regulating hair growth, such that Fgf5 signals the end of anagen and Barx2 functions to prolong anagen in the adult pelage.
Barx2 Gene Autorepression in Skin and Functional Interaction with
Two Classes of WD Domain Corepressors. We used the Barx2-lacZ knock-in allele to monitor the activity of the Barx2 promoter in heterozygous and homozygous mutant tissues, and noticed a dramatic increase in X-Gal staining in Barx2 mutant follicles at all phases of the hair cycle (Fig. 2 A-C) as well as in noncycling epithelia such as tongue (Fig. 2D) . In telogen follicles, the most intense stain was restricted to the bulge of the follicle, the stem cell niche (Fig. 2C) , which is consistent with a recent report on transcriptional profiling of label-retaining cells in skin (putatively the stem cells) that identified Barx2 as an enriched mRNA (31) . In mutant skin, Barx2-lacZ reporter activity was further stimulated in the epidermis and nearby follicles during wound healing (Fig. 2E) . By quantitative real-time PCR, the levels of intact 5Ј Barx2 mRNA (which is present in both wild-type and mutant transcripts) were found to be Ϸ3-fold higher in knockout mice than in heterozygous or wild-type littermates (Fig. 2F) . These data suggest an increase in Barx2 promoter activity in the absence of functional Barx2.
To determine whether Barx2 could directly regulate its own expression, we examined the murine promoter and upstream sequences for binding sites. The Barx2 promoter (12) does not contain any ATTA-cores indicative of homeodomain binding sites; however, Ϸ1.4 kb upstream from the translation start site, we identified a 160-bp element containing three putative Barx2 binding sites (Fig. 3A) . Oligonucleotides encompassing two of the binding sites specifically interacted with GST-Barx2 protein when assayed in vitro by mobility shift (Fig. 7 , which is published as supporting information on the PNAS web site). In cotransfection assays in primary keratinocyte cultures, full-length Barx2 repressed a reporter gene under the control of 2.43 kb of Barx2 upstream promoter sequence (Fig. 3B) . Similarly, a transcription unit regulated by the 160-bp element linked to the thymidine kinase promoter was repressed by cotransfection of Barx2 (Fig.  3C) . A reporter gene with just 230 bp of Barx2 minimal promoter was weakly repressed by Barx2 (2-fold repression, data not shown; compared to 5-fold repression of the Ϫ2.5-kb reporter gene, Fig. 3B ), suggesting that the element between Ϫ1.6 and Ϫ1.4 kb is a primary, but not the only, means of Barx2-gene autorepression.
To examine the composition of factors on the 160-bp repressor element in vivo, we performed ChIP assays using formalin-fixed and homogenized anagen-stage skin and a specific Barx2 antibody. Barx2 was detected on the region encompassing the repressor element in samples from Barx2 ϩ/ϩ , but not Barx2 Ϫ/Ϫ , samples, and in addition, TLE corepressors were present on the 160-bp element in wild-type samples (Fig. 3D) . Although we do not know the biological significance of Barx2 negative feedback autoregulation, given that it occurs during the hair cycle and can be stimulated as part of a wounding-healing response, it is tempting to speculate that these processes may be sensitive to expression levels of Barx2. As an example of this in the skin, Hoxc13, another homeodomain factor that exhibits negative autoregulatory feedback in the hair follicle (32), causes alopecia if its dosage is either increased in transgenic mice (32) or eliminated by targeted mutation (33) .
Based on these observations for Barx2 autorepression, we explored the molecular mechanisms of Barx2-mediated repression. Barx2 contains a 7-aa eh-1 motif at amino acids 25-31 (see ref. 27 ), which is a well recognized motif for recruitment of TLE͞Groucho corepressor complexes by homeodomain proteins. This complex of WD40-domain proteins can also function in a redundant fashion with other complexes, such as N-CoR corepressor complexes recruited, for example, by the homeodomain of several factors (34) . We found a specific interaction between bacterially expressed GST-Barx2 N terminus (amino acids 1-132) and endogenous TLE3 protein present in nuclear extract from 293T cells, which was abolished with a mutation converting the FMI residues of the Barx2 eh-1 to alanines (Fig. 3E) .
We found that the AAA form of Barx2 could interact with N-CoR in this system (Fig. 3E) . N-CoR complexes have been described that contain additional F box͞WD40-domain proteins, the transducin ␤-like factors, Tbl1 and TblR1 (20 -23) . In a second interaction system, we found that FLAG-Tbl1 was able to coimmunoprecipitate an N-terminally truncated Barx2 from which the first 40 aa, including the eh-1 motif, had been deleted. Binding to the truncated Barx2 was actually more effective than binding to the full-length Barx2 (Fig. 4A) , suggesting the possibility of an open-closed conformation of the Barx2-Tbl1 complex, as has been noted for Tbl1 itself in its interactions with nuclear receptors (24) . In transient transfection assays, we noted that the Barx2 N-terminal amino acids 1-132 include several independent regions besides the eh-1 that confer significant levels of repression when fused to the Gal4 DNA-binding domain (data not shown). A physical interaction between coexpressed Barx2 and TLE1 was again demonstrated by coimmunoprecipitation from 293T cells, and in contrast to the Barx2-Tbl1 interaction, deletion of the eh-1 motif abrogated this interaction (Fig. 4B) . Therefore, the recruitment of TLEs and N-CoR:Tbl1 corepressor complexes occurs through distinct regions of the Barx2 N terminus.
We next wished to evaluate the functional importance of these interactions for Barx2-mediated repression. Curiously, TLE corepressors did not seem to be required for repression by the Barx2 N terminus, and single cell nuclear microinjection of a blocking pan-TLE antibody (15) or a mixture of siRNAs against TLE 1-5 had no effect on Gal-Barx2NЈ-mediated repression of a UAS͞tk lacZ reporter in Rat-1 fibroblasts (Fig. 4C) . For comparison, the same siRNAs and antibodies against TLE corepressors were fully effective in relieving eh-1-dependent repression by the N terminus of Hesx1 (Fig. 4C) . In contrast, Gal-Barx2NЈ-mediated repression was relieved by single-cell nuclear microinjection of anti-Tbl1 antibody or by siRNAs The element is not detected in samples from Barx2 Ϫ/Ϫ skin. Anti-TLE1 is specific for TLE1, whereas anti-TLE2 recognizes all TLEs. (E) Recruitment of corepressor proteins by the Barx2 N terminus: affinity chromatography using GST protein, GST-Barx2NЈ (aa1-132) with wild-type eh-1 sequence (FMI), or with an eh-1 mutation (AAA). TLE3 and N-CoR were specifically purified from 293 cell nuclear extract, separated by SDS͞PAGE, and identified by Western blot. against N-CoR and SMRT (Fig. 4D) . Antibody against TblR1 did not interfere with Barx2-mediated repression. Together, these data suggested context-specific functions of TLE and Tbl1 corepressors.
Therefore, we evaluated repression by Barx2 holoprotein, and found that neither TLE siRNAs nor anti-Tbl1 IgG was alone sufficient to block repressor function; however, by blocking the actions of both factors, we interfered with Barx2 repression activity on a reporter under the control of multimerized Barx2 binding sites (3xBarx2͞tk lacZ) (Fig. 4E) . Hence, although TLE complexes are recruited by eh-1 motifs found in many homeodomain factors, it appears that, for Barx2, this complex can either be redundant or cooperative with a second repressive activity that depends, in part, on Tbl1.
To explore whether these repressive activities represent direct effects, we performed ChIP assays from whole skin over the 160-bp repressor element of the Barx2 gene with specific antibodies for Tbl1 and N-CoR, finding that both factors are recruited in vivo (Fig. 4F) , similar to the TLE corepressors (Fig.  3E) . The presence of Barx2 and its corepressors indicates that these complexes are likely to have functional relevance to Barx2 repression events in vivo, and reveals a role for both TLE and Tbl1 repression complexes on specific, repressed Barx2 gene targets, including the Barx2 gene itself.
Up-Regulated Genes Identified in Barx2 Mutant Skin by RNA Profiling.
Based on its ability to act as a repressor, it became of particular interest to determine whether repression of additional, specific target genes might suggest a mechanism for the Barx2 Ϫ/Ϫ phenotype. From a literature-based approach, we examined the expression levels of six important hair cycle regulators: Fgf5 (30), Tgf␣ (35, 36) , Egf (37), PTHrP (38) , Tgf␤1 (39) , and Msx2 (40) . By quantitative real-time PCR before the onset of aberrant hair remodeling (day P11), we did not find significant changes in expression levels of these candidate genes between Barx2 Ϫ/Ϫ and control tissue, although some of them actually decreased (relative to wild type) with the onset of catagen at P15 (data not shown). In contrast, we did find some other genes to be misexpressed at P11, after first identifying them by microarray profiling (see below). Therefore, these six known catagenregulating genes might not be primary or direct targets of Barx2, but they may function elsewhere in the cascade leading to catagen.
The recent development of time-course gene expression profiling in the skin (6) has shown that the literature is far from complete with respect to the number of genes with hair-cycle associated expression patterns. Therefore, to broadly assay for gene changes caused by mutation of Barx2, we performed mRNA profiling by comparative microarray analysis using RNA isolated from back skin of mutant or control mice at P14, 1 day before catagen onset. Labeled RNA was hybridized with Affymetrix MG-U74Av2 chips, and we identified 45 differentially regulated transcripts representing 42 unique genes (see Supporting Text and Table 1 , which is published as supporting information on the PNAS web site). Among these significant changes, thrombospondin-1 (Tbs1) was up-regulated in Barx2 mutant skin and bears a logical relationship to short hair in adult Barx2 mutants, as it has been shown in an earlier study that Tbs1 expression promotes the anagen-catagen transition in adult mice (41) . However, it is unlikely that this single gene completely explains of the Barx2 hair phenotype, because the earlier study used the keratin-14 promoter to overexpress Tbs1, and the level of up-regulation in Barx2 mutants appears to be comparatively mild. The most up-regulated gene from the microarray was Prss18 (neurosin͞BSSP͞zyme), encoding a secreted serine protease normally expressed in the sebaceous gland (42) , which might be involved in the normal break down of inner root sheath as it dissociates from the hair shaft (1). However, its role in the biology of hair follicles is speculative, and its contribution to the Barx2-mutant phenotype awaits further investigation. Nonetheless, we confirmed that thrombospondin-1 and Prss18 were overexpressed in the follicles of Barx2 Ϫ/Ϫ mice (Fig. 5) , and we also noted that both genes contain Barx2-sites near their promoters (43, 44) ; therefore, they may be direct targets of Barx2 repression in the skin.
Overall, the mRNA changes on the microarray exhibited a preponderance of up-regulated genes over genes with decreased expression in Barx2 mutants, with 34 of the 45 most highly significant changes in the up-direction, and five of the six most differential changes being overexpressed genes ( Table 1) . Most of these gene changes were also observed at P11, 3 days before the time of microarray profiling (Fig. 8 , which is published as supporting information on the PNAS web site), confirming that they occur before the defect in hair remodeling. As putative Barx2 target genes, this pattern of gene up-regulation is consistent with our functional studies of Barx2 as a transcriptional repressor in the skin, and we suggest that the phenotypic consequences of Barx2 mutation could be explained, in part, by the failure to repress critical gene targets.
